ABSTRACT Purified glucocorticoid hormone-receptor complex (HRC) from rat liver binds to specific DNA sequences contained in cloned mouse mammary tumor virus (MMTV) DNA MATERIAL AND METHODS Purification of Rat Liver Glucocorticoid HRC. HRC was purified from rat liver cytosol as described (10) except for the following modifications. The affinity eluate was extensively dialysed against 5 mM phosphate, pH 7.4/5 mM 2-mercaptoethanol/10% (vol/vol) glycerol, incubated with 0.5 ,uM
Numerous studies have shown that glucocorticoid hormones bind to specific proteins [hormone-receptor complexes (HRCs)] present in their target cells (1, 2) and this binding apparently increases the rate of synthesis of specific mRNAs (3) (4) (5) . DNA binding experiments using crude HRC preparations from cytosol as well as purified glucocorticoid HRC have demonstrated the association of HRCs with DNA (6-10). The major portion ofHRC ( 105 per cell) appears to bind nonspecifically and with relatively low affinity to target cell nuclei in vivo (11) and in vitro (12) .
Glucocorticoid hormones have been shown to regulate mouse mammary tumor virus (MMTV) production in mammary tumor cell lines (13) (14) (15) (16) . Induction of MMTV RNA synthesis and accumulation has been associated with a change in the rate oftranscription of the proviral genes and may be a primary biochemical response to glucocorticoids (17, 18) . DNA-mediated gene transfer ofcloned proviral MMTV genes into cultured cells and analysis of their hormone-responsive transcription have provided evidence for the physical linkage of the regulated MMTV gene and the primary DNA sequences that mediate the hormonal response (19) (20) (21) .
The availability of cloned viral sequences (22) and purified HRC preparations (10, 23, 24) should allow characterization of the specificity of the association between HRCs and MMTV DNA. Payvar et al. (25) recently used a nitrocellulose filter binding assay to show that HRC binds to MMTV DNA fragments that include either the env gene or the env gene and the long terminal repeat (LTR) .
In this report, we describe use of both the filter binding assay and visualization of HRC (26) . After thorough washing, the receptor was eluted from the column in 3-ml fractions with a linear gradient of 0-500 mM NaCl in the same buffer. A radioactive peak was eluted between 50 and 60 mM NaCi (Fig. 1 ). NaDodSO4/polyacrylamide gel electrophoresis revealed the presence of a single polypeptide of M, 90, 000 (total, 880 jig) eluting in three fractions. This 9 ml of receptor solution was diluted to 20 ml with glycerol and, after the addition of 1 jkM [3H]dexamethasone (25 Ci/mmol), was stored at -200C; it was stable for several weeks. The purified receptor could be stripped of dexamethasone by incubation for 5 min at 370C followed by treatment with dextran-coated charcoal containing 1 mg of bovine serum albumin per ml (alb/dextran/ C).
Cloned MMTV DNA. The MMTV DNA used in this study was derived from rat XC cells infected with the C3H strain of MMTV. 8H3TK3 contains a HindIlI fragment with a partial MMTV provirus, probably resulting from reverse transcription of the env mRNA (22) . Both LTRs are present within the fragment. 8H3TK3 also contains a 3.6-kilobase-pair (kb) BamHI fragment harboring the thymidine kinase gene from herpes simplex virus. Plasmid clones 8-29 and 8-21 are Pst I subelones of the proviral sequences which contain a 1.45-kb LTR fragment (from the left end of the provirus) and a 1.75-kb env fragment, respectively. Plasmid clone 2-5 contains the 4-kb Pst I gag-pol fragment cloned directly into pBR322 by Pst I cleavage of circular DNA from XC cells (22) .
DNA-Binding Experiments. HRC-DNA binding experiments were carried out at receptor concentrations of 0.01-10
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. The DNA concentration used in the binding experiments was 10 pM and the specific activity was adjusted to 2.5 mCi/nmol. Binding to nitrocellulose (SM 11306, size 30) was carried out as described (27) , with the following modifications. The incubation volume was 100 41., and the washing was done three times with 5 ml of binding buffer. Bound material was blt ted with 0.2% NaDodSO4 in binding buffer, precipitated with ethanol, and subjected to electrophoresis on a 1% agarose gel. The (Fig.  2) . HindIII/EcoRI digestion of 8H3TK3 released the expected 8.2-kb MMTV insert and the 4.5-, 2.5-, and 1-kb pBR-TK EcoRI fragments (Fig. 3). [The 1-kb fragment is too faint to be visualized on the photograph of the gel stained with ethidium bromide (Fig. 3 Left) . ] These fragments were end-labeled with 32P, incubated with HRC, and filtered through nitrocellulose membranes. Only the labeled 8.2-kb fragment containing the viral coding sequences was retained on the nitrocellulose filter (Fig.  4 Left), even though the specific activity of this fragment was lower than that of the other three fragment (Fig. 3 Right) . The viral DNA fragment was not retained when the DNA was filtered in the absence of HRC (Fig. 4 Left), with receptor alone, or with hormone alone (Fig. 4 Right). Pst I cleavage of clone [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] (Fig. 3) released DNA fragments of 4.4 and 1.7 kb; the first contained pBR322 sequences and the second contained env sequences. These fragments were not retained on nitrocellulose (Fig. 4 Left). Clone (Fig. 2) , which contained most of the LTR as a 1.4-kb Pst I fragment (Fig. 3) , showed high specific HRC binding (Fig. 4 Left). This Pst I fragment therefore was used to study the effect of HRC and DNA concentrations on HRC-DNA binding.
After incubation with hormone alone or with receptor alone, this fragment was not retained on nitrocellulose (Fig. 4 10% of the DNA observed in the electron microscope carried receptor molecules; the difference may be due to the spreading conditions used for electron microscopy. At DNA concentrations above 10 pM, the amount of DNA-protein complex retained on the filter remained the same. Nitrocellulose retention of DNA-protein complexes from mixtures oflabeled fragments from clone [2] [3] [4] [5] (Fig. 3) revealed that, at 1 nM HRC, no specific fragment was retained (Fig. 4 Left). Titration with 8H3TK3 DNA gave the same results as with DNA fragments from clone 8-29. An additional control experiment using HindIII A fragments in the presence and absence ofHRC showed no retention on the filter (Fig. 4 Left).
Electron Microscopy. Because the nitrocellulose filter binding assay does not allow one to quantitate the number of HRC bound to the cloned DNA fragments, we attempted to visualize HRC-DNA complexes with the electron microscope. In agreement with the filter binding experiments, HRC bound to a specific DNA fragment from 8H3TK3. Binding sites were found to be localized over the two LTRs of 8H3TK3 (Fig. 6 ). Clone , which contains a single LTR, showed a single distribution of binding (data not shown). The electron micrograph in Fig.   6 shows that individual DNA molecules appear to bind HRC at a single site within each LTR.
Examination of the isolated HRC by negative staining revealed a dimeric structure composed ofequal rod-like 4.8 X 11 nm monomers which are connected by their long sides. In solution, dimers may aggregate to tetramers, in which case the dimers are arranged in two parallel layers (data not shown). The dimeric structure is also visible on HRC molecules bound to DNA (Fig. 6) . From the size of the DNA-HRC complex it can be excluded that the HRC monomer builds up stable complexes with the DNA, but it cannot be excluded that the tetramers do so. Because of their morphology, dimers and tetramers would cover almost equal distances on the DNA. From the above data it is calculated that the HRC can cover a maximum of 35 ± 6 base pairs on the DNA.
DISCUSSION
A number of studies have demonstrated an association of HRC with chromatin in vivo (30) . Binding studies with purified DNA (7, 8) and sequential purification of activated HRC (9, 10) on DNA cellulose (31) support the view that HRC may be analogous to some well-characterized prokaryotic regulatory proteins (32) . This assumption is strengthened by studies of the accumulation of specific transcripts induced by the action of steroid hormones (3, 7, (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) .
The availability of both purified glucocorticoid HRC and defined DNA sequences from MMTV has allowed us to localize the sequences within the LTR with which the HRC interacts. Our more recent DNA oligonucleotide pattern experiments suggest that a specific sequence of about 50 base pairs is protected by the HRC. This sequence maps to 100-150 base pairs 5' to the MMTV transcription start site (43 The glucocorticoid-bound HRC interacts with specific sequences in MMTV and may also interact with cellular DNA, functioning at these sites as a positive regulator oftranscription. Analysis of other glucocorticoid-regulated genes will provide additional information regarding the specific nature ofthe HRC binding site(s) and will add to our understanding of hormoneregulated gene transcription.
In a similar study of HRC binding to MMTV DNA, Payvar et al. (25) found that HRC binds to DNA containing the env gene and to DNA containing the LTR and env gene. The source of the discrepancy between their results and the conclusions reported here remains unknown but may be the higher purity of the HRC used in our studies.
It will be important to establish whether these results are specific to MMTV or will apply to all glucocorticoid-regulated genes. Indeed, preliminary experiments indicate that HRC binds to specific sites near the 5' end of cellular genes known to be transcriptionally regulated by glucocorticoids, such as the mouse metallothionein I gene.
